Protoporphyrin in Lead Workers in Korea: Hyun-Cheol AHN, et al. -This study was conducted to determine whether there was a different toxic effect of lead on heme synthesis by serum iron status in 360 lead workers in Korea. We examined the association between blood lead (PbB) and zinc protoporphyrin (ZPP) in whole blood according to the level of serum iron in low to moderate lead-exposed workers in 1997-1998. Serum iron levels (FeS) were divided into two groups: iron-deficient group (serum iron < 80 µg/dl, 57 subjects) and iron-sufficient group (serum iron ≥ 80 µg/dl, 303 subjects). Blood lead corrected by the standard value for hemoglobin (15 g/ dl) as an explanatory variable was assessed to explain the variance of ZPP. After adjusting for possible confounders, such as age, body mass index (BMI), cigarette smoking, alcohol drinking, and size of factory, the linear slope of corrected PbB on ZPP in the irondeficient group was statistically higher than that of the iron-sufficient group. The interaction term between corrected PbB and ZPP with the modification of the serum iron status was statistically significant in the regression model (p=0.0053). The result suggests that the relationship between corrected PbB and ZPP may be modified by the serum iron status in male leadexposed workers.
Hematopoietic effects of lead cause anemia because of the change in activity of several heme synthetic enzymes. Ferrocheletase, one of the enzymes sensitive to lead, stimulates iron to bind to the porphyrin ring for heme synthesis. The biological markers of lead have been extensively investigated in blood and urine to assess the hematological toxic effects of lead 1, 2) . It is clear that nutrition plays an important role in lead toxic processes. Nutrient factors, such as calcium, iron, phosphorus, zinc, vitamin D, and protein and personal factors, including sex, age, and genetic susceptibility can therefore modify lead toxicity. Nutrient interactions with lead have provided evidence that deficiency of nutrients enhances lead absorption and its toxicity 3, 4) . As iron is an essential element and plays a critical role in the heme synthetic pathway, the effects of iron on lead toxicity have been explored for several decades. More lead is absorbed from the gastrointestinal tract and causes more toxic effects in the case of iron-deficient animals [5] [6] [7] as well as human subject 8) . The discovery of iron binding protein in human duodenal mucosa, which competitively binds to lead, facilitates lead-iron interaction research 9) . In addition to synergistic toxic effects of lead in low iron levels in animal models, in observational studies of children, levels of serum iron, negatively associated with blood lead, may account for inter-individual variation in hematological lead toxicity 10, 11) .
Erythrocyte protoporphyrin (EP) or zinc protoporphyrin (ZPP) has been measured to identify individual exposure and risk assessment or the health consequences of lead 12) . Different levels of EP have been observed with blood lead according to iron status in terms of transferrin saturation, dietary iron intake, or serum iron levels in experiments and children studies 13, 14) . The lead effect on
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ZPP results in a significantly stronger association in low iron status in children 15) . Furthermore, iron supplement for lead poisoning in children has been used as an important means of therapy 16) .
Most previous studies have focused on the relation between dietary iron intake or hemoglobin and environmental lead-exposure. Few investigations have examined serum levels of iron in adults exposed to lead occupationally 17, 18) . We hypothesized that the serum iron level acts like a modifier of the early effect of lead exposure on health, expressed in ZPP. Therefore, the main objective of this study was to evaluate whether there was a difference in the effect of blood lead on ZPP according to the serum iron status in lead battery workers.
Materials and Methods

Study population
Three hundred sixty lead workers were recruited from three lead storage battery factories. Among them, 278 subjects were enrolled from a large battery plant and the rest were 82 workers from two medium-sized plants. Whereas the large battery plant has been producing automobile and industrial lead acid batteries for several decades, automobile lead batteries have been manufactured in the two medium-sized plants for 5 yr. Both medium-sized plants had similar working processes and environmental conditions. All study subjects have been provided with a periodical health surveillance program including environmental and biological monitoring by the Institute of Industrial Medicine at Soonchunhyang University, Chunan, Korea. As we were interested in lead and its hematological effects according to iron status in male workers, the study subjects were selected from similar working stations: assembly line, lead oxide, and casting line. Other workers exposed to other chemical hazards such as sulfur acid and organic solvents were excluded.
Among 497 lead workers out of a work force of 709 in the three plants, 421 subjects were male. All male workers were recruited between September, 1997 and April, 1998. After a health screening examination, 360 (86%) male workers were eligible subjects without any medical problems. We excluded lead workers previously diagnosed with anemia, gastrointestinal disease, hypertension, diabetes mellitus, liver or lung problems, and those taking prescription drugs.
Data collection and analysis
Information about medical history, demographic characteristics, cigarette smoking and alcohol drinking habits and occupational job history was obtained and reviewed by an occupational physician. Approximately 10 ml venous blood was collected and divided into two tubes: 4 ml blood in a vacutainer with EDTA for hemoglobin and blood lead, and 6 ml blood in vacutainer with SST gel and clot activator for serum iron. After standing for about 2 hours to clot at room temperature, the SST vacutainer was centrifuged at 1,000 g for 20 minutes to separate the serum from the blood cells. The blood levels of zinc protoporphyrin (ZPP) were measured at the site with a drop of fresh whole blood in a portable hematofluorometer (Aviv model 206). Blood Lead (PbB) was analyzed by the Zeeman background-corrected flameless atomic absorption method (graphite furnace) using Hitachi Z-8100 at the Institute of Industrial Medicine, Soonchunhyang University certified reference laboratory for lead in Korea. Hemoglobin (Hb) was assayed by the cyanmethemoglobin method (Coulter Model AcT8). Serum iron (FeS) was measured by spectrophotometric procedure, based on quantitation of serum iron with ferrozine in pH 4.7 acetate buffer (TBA-40FR biochemical analyzer). Serum iron level was chosen as the measure of iron status and iron deficiency was defined as serum iron less than 80 µg/dl according to adult reference value 19) . Hemoglobin corrected blood lead was calculated by following equation: Corrected blood lead (CPbB) 20 
Statistical analysis
The goal of data analysis was to determine the effect of iron status on relation between blood lead and ZPP. All statistical analyses were carried out using SAS (version 6.12) and graphs were plotted by STATA (release 5) program. In exploratory data analysis, frequency distribution and box and normal plots for continuous variables and cross tabulations by categorical variables were used to identify and validate the outliers. Statistical significance was determined at the 0.05 level of α-error. For comparison of frequency, we used the chi-square test. The difference between the means for the groups was assessed by Student's t-test.
Matrix scatter plots and Pearson's correlation coefficients were drawn and computed to explore the significant relationships among covariates. A multiple regression model was applied to control for potential confounders by fitting a model with ZPP as an outcome variable, and blood lead, serum iron status, age, BMI, cigarette smoking, alcohol drinking, and the size of the factory were adopted as explanatory variables. The potential effect of modification of the serum iron status on the relationship between blood lead and ZPP was also examined with a linear regression model by adding a cross-product term. The fitted model was qualitatively tested for the assumptions of linear regression. Regression diagnostics for model checking was applied to check the constant variation in residuals and the linearity relationship.
Results
The 360 subjects were exposed to low to moderate levels of lead, as shown by the mean ± SD of PbB and ZPP, 26.0 ± 9.4 µg/dl and 47.7 ± 17.5 µg/dl, respectively ( Table 1 ). The subjects in the irondeficient and sufficient groups, categorized by the serum iron level (80 µg/dl), were similar in age, BMI and blood lead. But seniority in the iron-sufficient group was significantly longer than that in iron-deficient group (p<0.05). There were more alcohol drinkers in the ironsufficient group (p<0.01), although the proportion of cigarette smokers in both groups was not significantly different. The large battery plant workers were significantly more categorized into the iron-sufficient group (p<0.01).
In bivariate analysis (Table 2) , blood lead was highly correlated with ZPP. Although a significant correlation of ZPP with FeS and Hb was found, PbB did not show a significant relationship with FeS, but positively with Hb. There was no correlation of age with any study variables, except BMI. The study variables in Table 1 were therefore considered as possible confounders in evaluating the blood lead and ZPP relationship according to the serum iron status.
A positive dose-response relationship between PbB and ZPP in both groups was found by simple regression analysis, but a stronger association was observed in the iron-deficient group (Fig. 1) . The difference between groups in the slope was statistically significant, when the interaction term was added in the model (data not shown). The slope of PbB on ZPP in the iron-deficient group was almost twice as much as in the iron-sufficient group (β iron-deficient =1.318 versus β ironsufficient =0.726). Further analysis was conducted to control the possible confounders by using multiple regression. The variation in ZPP could be mainly explained by blood lead in both groups, although all covariates slightly increased the variation in ZPP in multiple regression, compared with simple regression. Due to the possible understimation of blood lead in lower Hb, blood lead corrected by the standard Hb value (15 g/dl) was used.
Since corrected blood lead accounted for more variation in ZPP in both simple and multiple regression, in further analysis corrected PbB was used as an exposure variable. It was observed that the interaction between blood lead and the serum iron status on ZPP was of greater statistical significance when using corrected PbB ( p P b B = 0 . 0 3 0 4 v e r s u s p c o r r e c t e d PbB =0.0053). Although blood lead and the size of factory reached statistical significance, age, BMI, cigarette smoking and the alcohol drinking habit are not significantly associated with ZPP in the interaction model in Table  3 . In the iron-sufficient group, corrected PbB, age, BMI and the size of the factory were significant predictors of ZPP, explaining 28.1% of variation. On the other hand, PbB was the only significant explanatory variable in the iron-deficient group and none of other covariates was observed to have a significant relationship to ZPP, explaining 28.9% of variation, in a separate regression model in Table 3 . Interestingly, we found that workers in the medium-sized factories were at significantly higher risk of an increase in ZPP than in the large factory.
The stepwise regression model in Table 3 was applied to include only significant varriables, and removal of nonsignificant covariates did not change the significant positive association of corrected PbB with ZPP in both groups. Overall there was a consistent result after adjusting possible confounders in different models.
The slope of the adjusted line between corrected PbB and ZPP in the iron-deficient group showed a still stronger association than that in the iron-sufficient group (Fig. 2  and Fig. 3 ). For each 10 µg/dl increase in blood lead, the average increase in ZPP was by approximately 14 µg/dl in iron-deficient subjects, but ZPP in iron-sufficient subjects increased by only about 7.3 µg/dl, according to the adjusted lines. The rate of increase in ZPP therefore showed a different strength of association, in terms of interaction, with corrected blood lead as determined by the serum iron status.
Discussion
In our observational occupational study, a significant interaction between blood lead or hemoglobin corrected PbB and ZPP according to the serum iron status was observed in 360 lead-exposed workers in Korea, and remained after adjustment for possible confounders. Our findings showed evidence of a lead and iron interaction in hematological toxicity. In the separated regression model, the association between blood lead and ZPP was almost twice as strong in serum iron-deficient subjects than in the serum iron-sufficient group. This suggested that, from the point of the hematological effect of lead, lead toxicity could vary with the serum iron status in lead workers. These results are consistent with those in previous reports 10, 13) . It has been demonstrated that lead affects the serum iron level by inhibiting iron absorption and changing iron utilization in the body. In addition, leadiron interaction in children was reported in other observational studies. Lead inhibits δ-aminolevulinic acid synthetase, δ-aminolevulinic acid dehydratase and ferrochelatase 21) . Kapoor et al. 2) reported that when iron deficiency is present, ferrochelatase is more sensitive to the effects of lead. Leadinduced anemia can be attenuated in the case of insufficient iron because of a deficiency of iron incorporation into heme and inhibiting this enzyme, resulting i n h i g h e r e r y t h r o c y t e protopotphyrin (EP) levels 22) .
Although in animal and children studies 23, 24) a direct inverse relationship between blood lead and iron levels has been observed, this relationship in occupational adults is still controversial 18) . No significant correlation between PbB and serum iron was found in this study. Some occupational studies 17, 18) have reported a significant correlation between hemoglobin levels and ZPP levels but no correlation between serum iron and ZPP or blood lead. In our study, a significant relationship between serum iron and ZPP but not with blood lead was observed. This study had several limitations. As this was a cross sectional observational study in occupational settings, it would be difficult to find a certain temporal causal relationship between the study variables. We examined serum iron levels in a cross section as an effect modifier, but the iron level prior to lead exposure should be determined. As our study was conducted in current male workers with low to m o d e r a t e l e a d -e x p o s u r e , extrapolation of our finding to occupational subjects with different characteristics, such as females or high lead-exposed workers, would not be warranted. In addition to a lack of internal validity, we did not examine other nutritional factors or personal susceptability, which may confound the lead-ZPP relationship. More detailed dietary and nutritional assessment may reduce possible misclassification of the serum iron status. In this study the serum iron level was chosen as a measure of the iron status because the Fig. 2 . Partial regression leverage plot for corrected blood lead (CPbB) and ZPP in iron-sufficient subjects (n=303), after adjusting for age, BMI, cigarette smoking, alcohol drinking and size of factory. Adjusted line of the results for a sepatate model in Table 3 is shown in the plot. coef: regression coefficient, se: standard error, t: t-statistics. Fig. 3 . Partial regression leverage plot for corrected blood lead (CPbB) and ZPP in iron-deficient subjects (n=57), after adjusting for age, BMI, cigarette smoking, alcohol drinking and size of factory. Adjusted line of the results for a separate model in Table 3 is shown in the plot. coef: regression coefficient, se: standard error, t: t-statistics. determination of serum iron is a usual procedure in clinical practice and on essential component in the latter step in heme synthesis. The selection bias would be minimized because we included all current workers. Even though no nutritional factors were examined, we considered BMI as a possible surrogate of nutritional status. A possible reason is that a high BMI may indicate a better nutritional status in adults 25) . The size of the factory should be considered as a possible confounder in this study because workers in a large factory workers may have a better health status, which results in a less detrimental effect of blood lead on ZPP.
The results of this study suggest that iron deficiency in lead-exposed workers may be a susceptibility factor in the hematological toxic effect of lead, as reflected in high zinc protoporphyrin (ZPP) levels.
